Introduction

36
Population bottlenecks impose a rapid and often drastic reduction on the population size.
37
Such events are common and unavoidable during the evolutionary dynamics of natural 38 populations. Fluctuations in the size of the population over time play a major role in the 3 expected to maintain a higher rate of adaptation. However, in large populations that 73 experience weak neutral population bottlenecks, independently derived beneficial mutations 74 are expected to compete in the population. The relative frequency of such beneficial 75 mutations in the population has a direct effect on the dynamics of less beneficial mutations 76 due to linkage disequilibrium. Under adaptive bottlenecks (i.e., strong selective conditions), 77 this phenomenon -which has been termed Hill-Robertson effect, or clonal interference 78 (Gerrish and Lenski 1998; Hill and Robertson 2009 ) -can thus lead to bacterial adaptation 79 that is driven by highly beneficial mutations and is characterized by a high probability of 80 parallel evolution (Herron and Doebeli 2013) . The dynamics of clonal interference may be 81 nonetheless perturbed in the presence of population bottlenecks where strong bottlenecks 82 are expected, in addition, to decrease the probability of parallel evolution (Wahl et al. 2002) . 
97
Results
98
To test the theoretical predictions, we conducted an experimental evolution study of E. coli 99 strain K-12 MG1655 in a serial transfer approach. The three bottleneck sizes were applied in 100 every serial transfer with a dilution of 1:100 (1% of the total population, large, L), 1:1,000 101 (0.1% of the total population, medium, M) and 1:10,000 (0.01% of the total population, small, 102 S). The populations were evolved in two environmental temperatures: 37°C that is 103 considered as optimal growth conditions and 20°C that is considered sub-optimal conditions 104 for E. coli. The experiment was conducted with eight replicates for approximately 1,000 105 generations. Comparative genomics of the evolved and ancestral populations revealed 208 106 evolved single nucleotide variants (SNVs; using a threshold of SNV allele frequency (AF) 107 ≥0.02), of which 81 (39%) SNVs were observed in more than one population (Table S1 ). 
110
To examine the effect of bottleneck size and temperature on the degree of genetic 111 polymorphism we compared the nucleotide diversity among the evolved populations. Our 112 results revealed a significant effect of the temperature and bottleneck size on the population 113 nucleotide diversity (!1A). Evolution in 20°C resulted in overall low genetic diversity in all 114 populations compared to populations evolved at 37°C. The highest genetic diversity was 115 observed in L populations and the lowest was observed in M populations in both temperature 116 regimes ( Fig. 1A ). Furthermore, our results show that there is no interaction between the 117 effects of bottleneck size and temperature on the mean population nucleotide diversity; 118 hence, the effect of the bottleneck was similar in both temperature regimes ( Fig. 1A ).
119
Consequently, we conclude that the population bottleneck size had an impact on the genetic 120 diversity regardless the selection pressure imposed by the temperature in our experiment. 
133
Furthermore, there is no significant interaction between the effects of bottleneck size and 134 temperature on the mean relative fitness; hence, the effect of bottleneck size was similar in 135 both temperature regimes ( Fig. 1B) . Notably, the effect of bottleneck size and temperature on 136 the relative fitness was similar to what we observed in the comparison of genetic diversity 137 among the evolved populations ( Fig. 1A ).
139
Allele frequency dynamics depend on both bottleneck size and temperature
140
Comparing the allele frequency of SNVs in the evolved populations we found that both 141 temperature and population bottleneck size had an effect on the distribution of SNV allele 142 frequency in the population (Fig. 1C ). Furthermore, the effect of bottleneck size on the allele 143 frequency (AF) varied among the growth temperatures. Indeed, we found a significant 144 interaction between temperature and bottleneck size; hence, the effect of bottleneck size on 145 the allele frequency depends on the growth temperature (and vice versa). While the AF 146 5 distribution in M and S populations was similar in both temperature regimes, the L 147 populations evolved at 37°C (L37) where characterized by lower AF in comparison to L 148 populations evolved at 20°C (L20; Fig. 1C ). A comparison of AF distribution among 149 synonymous and non-synonymous SNVs further showed that the observed differences in 150 AFs are well explained by the allele dynamics of non-synonymous rather than synonymous 151 SNVs (Fig. S1 ). Notably, no SNVs reached fixation (i.e., AF>0.9) in the L37 populations, 152 while several SNVs reached a high frequency (AF>0.9) in the M and S populations at both 153 growth temperatures ( Fig. 1C ; Table S1 ).
154
The fixed mutations include several genetic variants that may be linked to osmotic 
162
Mutations related to translational processes occurred only at 20°C in genes encoding for 163 ribosomal proteins, rpsG and rpsA. In addition, fixed mutations emerged in genes involved in 164 nutrient abundance and starvation response (e.g., spoT and sspA in L20 populations) or 165 regulation of anoxic metabolism (e.g. arcA in one M37 population). All of the fixed variants 166 described above are non-synonymous substitutions.
167
To further examine differences in AF dynamics depending on the evolutionary factors 168 we examined the fate of preexisting SNVs in the ancestral population. The ancestral E. coli 169 strain in our population had four SNVs in comparison to the reference genome; of which two 170 were at a high AF: a synonymous substitution in aroE (AF ancestral =0.98) and a synonymous 171 substitution in yciM (AF ancestral =0.77) (Table S1 ). These two substitution reached fixation The distribution of shared SNVs among replicate populations evolved under the same 183 evolutionary factors revealed that more parallel SNVs were found among replicates in the L 184 populations in comparison to the M and S populations at both temperature regimes ( Fig. S3 ).
185
The parallel SNVs in L populations were, however, specific to the temperature regime; this is 186 true for the specific mutation position as well as for the gene in which the mutation occurred 187 ( Fig. 2; Fig. S3 ). Notably, the comparison among populations evolved under the same 188 temperature did not reveal a strong signal of parallel evolution. Nevertheless, at 37°C we 189 observed more parallel variants across bottleneck sizes than at 20°C (Fig. S3 ). Moreover, 190 several of the variants detected as parallel in a specific bottleneck, e.g., S20 or S37, did not 191 occur in another bottleneck size and can thus be considered bottleneck size specific (Fig. 2 ). 222 already includes a sufficient number of variants for maintaining a basic level of standing 223 genetic variation and by that avoid a great loss of diversity within the population. Notably, the 224 number of fixed mutations (i.e., AF≥0.9) is highest in the S populations and lowest in the L 225 populations (Fig. 1C) . The difference in the frequency of fixed SNVs may be explained by a 226 strong effect of competing beneficial mutations in the L populations (i.e., clonal interference), 227 and in addition, a strong impact of genetic drift in the S populations (Fig. 1C ).
228
The degree of standing genetic variation is expected to impose a fundamental 229 constraint on the rate of adaptation. Our results indicate that both genetic variation and 230 adaptation (i.e., fitness) are highest in the large bottleneck. In addition, we observe a higher 231 number of non-synonymous mutations at 37°C, that is in line with the higher increase in 232 fitness in the evolved populations at 37°C but not at 20°C. In the cold temperature regime 233 some highly adaptive mutations may induce selective sweeps reducing the diversity and 234 increasing the number of fixed mutations. Our results thus show that the genetic diversity, 235 the frequency of non-synonymous mutations and fitness are tightly linked and may be of 236 assistance when predicting the degree of adaptation in other (natural) settings.
237
Additionally, we observed that the degree of parallel evolution is sensitive to the 238 bottleneck size regardless of the environment, contrasting previous studies on serial 239 bottlenecking (e.g., (Vogwill et al. 2016) ). Theory predicts that the degree of parallel evolution 240 is expected to be highest in large populations compared to small populations (Orr 2005).
241
Thus, our findings for the effect of bottleneck size on parallel evolution are in agreement with 242 theoretical predictions for the effect of constant populations size.
243
The genes evolved in our experiment reveal a strong impact of our experimental 
252
We propose that the serial transfer approach is likely to select for the mutations that reached 253 the highest frequencies (i.e., of fast growers) and thus reduce the overall genetic diversity.
254
Thus, upon the induction of the bottleneck effect (i.e., the transfer), high frequency variants 255 will increase while low frequency variants may quickly disappear. This implies that the 256 8 probability of fixation to occur in the population is not uniformly distributed across growth 257 phases; mutations that emerge early in the growth phase have a higher probability of being 258 fixed, while mutations that emerge at a later stage are a minority and therefore less likely to 259 be fixed. This suggestion is in agreement with previously published mathematical models of 260 the survival probability of mutations in bacterial populations grown in batch cultures (Wahl 261 and Zhu 2015). We conclude that the differences in the growth dynamics (i.e., mutational 262 dynamics along growth phases) between the large, and medium/small populations may have 263 a significant effect on the allele dynamics in the population, even to a larger extent than the 264 genetic drift introduced by the serial population bottlenecks.
265
Our results indicate that selection remains a major force of evolutionary dynamics 272 several studies showed that this may lead to rapid evolution of phage resistance (Paterson et 273 al. 2010). Nonetheless, our results suggest that while the strong population bottleneck will 274 lead to the fixation of specific genotypes (i.e., the resistant genotypes; as in our S bottleneck 275 ( Fig 1C) ), at the same time, the bottleneck will lead to a purge of the host genetic diversity 276 (as in the S bottleneck, Fig. 1A) . Taken together, we expect that the adaptability of the host 277 population to other selection pressures (e.g., abiotic factors in the environment) will be 278 significantly reduced due to the repeated bottlenecks. Indeed, previous studies observed that 279 the adaptability of bacterial populations is reduced when exposed to multiple stressors (e.g., 
329
Nucleotide diversity (p) was calculated as in (Schloissnig et al. 2013) : 
